Production of quarks and gluons in hadron collisions tests Quantum Chromodynamics (QCD) over a wide range of energy. Models of QCD are implemented in event generators to simulate hadron collisions and evolution of quarks and gluons into jets of hadrons. pythia8 uses the parton shower model for simulating particle collisions and is optimized using experimental observations. Recent measurements of event shape variables and jet cross-sections in pp collisions at √ s = 13 TeV at the Large Hadron
Introduction
High energy collisions of hadrons produce quarks and gluons, collectively known as partons, which evolve into a large number of stable hadrons. Successive stages of this process involve lower energy and hence increasing value of the strong coupling α s . This makes analytical calculations based on perturbation theory prohibitively difficult as well as unreliable. Thus, a combination of analytical calculations in the early stages, including the hard scattering, and approximate numerical calculations later, is used to describe such events. Hence, data from hadron colliders is important to test QCD over a wide range of energy as well as theoretical complexity.
The Monte Carlo (MC) simulation programs combine analytical calculations and different models to describe the collisions. Data from colliding beam experiments have been used to test different aspects of QCD -parton distribution function (PDF), multi-parton interaction (MPI), initial state radiation(ISR), final state radiation (FSR), fragmentation, hadronization, etc., and optimize the models used in the MC programs such as pythia [1] , herwig++ [2] , MadGraph5_amc@nlo [3] , etc. Currently, the Large Hadron Collider (LHC) is the highest energy collider. Hence, it is important to use the latest data from LHC to revisit our understanding of QCD over a wide range of energies and optimize the MC event generators.
pythia8 is a popular MC event generator and is extensively used by the particle physics community. Some other event generators like MadGraph5_amc@nlo, sherpa [4] , etc., emulate the hard scattering process using exact matrix element (ME) calculations and then use pythia8 to complete the hadronization process.
The plan of the paper is as follows. Section 2 briefly reviews the theory relevant to parton shower. Section 3 examines the agreement of pythia8 with measurement of event shape variables (ESVs) by the CMS experiment [5] in pp collisions at √ s = 13 TeV. Section 4 describes the studies of the different parameters of pythia8 and optimization of the parameter set. It also describes the application of the improved parameter set to compare with results of other analyses of CMS [6] and ATLAS [7] . Section 5 contains the summary and outlook.
Proton Collisions in pythia8
pythia8 uses exact LO calculations for generating the 2 → 2 hard scattering processes. It uses 'transverse momentum' ordered parton shower [8] with p 2 ⊥ as evolution variable for the generation of 2 → n (n ≥ 2) final states by taking account ISR and FSR. pythia8 also emulates MPI and evolution of the partons into hadrons. In this showering scheme, resummation is done to all orders with a certain logarithmic accuracy and has the following limitations. Firstly, the α s is chosen to be small to satisfy the perturbation condition and consequently all scales are restricted to Q Λ QCD . Secondly, the corrections of the perturbative series at succeeding orders must become successively smaller, which sets limit to soft or collinear dynamics. This restricts the phase-space region such that all jets are hard and well-separated.
For the splitting of a parton a → bc, pythia8 uses the branching probability expressed by the DGLAP evolution equations:
where P a→bc is the DGLAP splitting function and p 2 ⊥ represents the scale of the branching; z represents the sharing of p ⊥ of a between the two daughters, with b taking a fraction z and c the rest, 1 − z. Here the summation goes over all allowed branching, e.g. q → qg and q → qγ and so on. Now, these probabilities become larger than unity due to divergence when p 2 ⊥ → 0 which is taken care by introducing a term P no a (p 2 ⊥max , p 2 ⊥ evol ) known as Sudakov from factor [9] . This Sudakov factor ensures parton a does not branch an evolution between a scale p 2 ⊥max to a given p 2 ⊥ evol and interpreted as the probability of 'no emission'. Considering lightcone kinematics, evolution variables for a → bc at virtuality scale Q 2 for space-like branching (ISR) and time-like branching (FSR) are given by equations 2.2 and 2.3, respectively.
Finally, equations 2.4 and 2.5 describe the evolutions for ISR and FSR respectively [8] .
Currently both the running re-normalisation and factorisation shower scales, i.e. the scales at which α s and the PDFs are evaluated, are chosen to be p 2 ⊥max . The general methodology of pythia8 for ISR, FSR, MPI is to start from some maximum scale p 2 ⊥max which is the p ⊥ of the branching and evolve downward in energies towards next branching untill the daughter partons reach some cut-off.
3 Event Shape Variables at RunII of LHC Event shape variables [10] are defined in terms of the four-momenta of the objects in events with multi-jet final states. They are sensitive to the topology of the primary hard scattering and also, the evolution of the primary partons into stable hadrons. With a judicious choice of the ESVs it is possible to use experimental data to confront QCD predictions -from perturbative analytical calculation in the early phase to the nonperturbative models in the later phase of the event. These variables also have the advantage that, they are safe from collinear and infrared(IRC) divergences [11] . The ESVs may also be used to look for signature of physics beyond the Standard Model [12] , [13] . LHC experiments ATLAS, CMS, and ALICE have studied various ESVs, evaluating them with jets and charged particles in proton-protons (pp) collision [14] [15] [16] [17] [18] [19] [20] [21] .
Most recently the CMS has evaluated four ESVs in multi-jet events in pp collisions at √ s = 13 TeV [5] . These are -the complement of transverse thrust (τ ⊥ ), total jet mass (ρ Tot ), total transverse jet mass (ρ T Tot ) and total jet broadening (B T ) and defined as ratios of momenta of the jets in an event and hence many uncertainties cancel out. These ESVs have higher values for multijet, spherical events and lower values for two-jet, pencil like events. The complement of transverse thrust (τ ⊥ ) is expected to be sensitive to the initial hard scattering, multi-parton interaction, and emissions of high p T gluons in the form of ISR and FSR. The other three -ρ Tot , ρ T Tot and B T -have additional dependence on the details of fragmentation and hadronization.
The distributions of the ESVs observed in data are unfolded to remove the effects of the efficiencies and acceptances of the CMS detector and a broad agreement between data and the predictions of pythia8, herwig++ and MadGraph5_amc@nlo is observed. In case of pythia8, it is noted that the agreement is better for the τ ⊥ and ρ T Tot which are computed using p T of the jets. However, in case of B T and ρ Tot , which are computed using p of the jets, pythia8 overestimates the multijet nature of the events. This indicates that the flow of energy in the transverse plane is better modelled by pythia8 while the overall three-dimensional modelling is not adequate. CMS also observes [5] that ISR has a large effect on the distributions of the ESVs and increases the spherical nature of the multijet events. The effect of FSR is much smaller and that of MPI is negligible.
For all the four ESVs, the overall agreement improves with the energy scale of the event. The strong coupling α s is smaller for higher energy and reduces the emission of hard gluons in the early stage of the evolution of the partons. This makes the higher order calculations less important for describing such event. CMS has used average p T of the two leading jets of an event, H T,2 = (p T, jet1 + p T, jet2 )/2, to represent its energy scale.
FSR and MPI related parameters using a number of observables [25] . The present study also uses the Monash tune, pythia v8.235 with NNPDF2.3 PDF (LO) set, as the default. For each parameter, variation has been done around the default value of the Monash tune.
Since Monash tune overestimates the multijet nature of the events [5] , the role of ISR and FSR need to be examined along with the choice of a suitable value of α s . pythia8 has the provision to use separate values of α s (M Z ) for ISR and FSR and the corresponding parameters are SpaceShower:alphaSvalue and TimeShower:alphaSvalue respectively. These will be referred to as α ISR s and α FSR s . The Monash tune uses α s (M Z ) = 0.1365 for both. The factorization scale affects both ISR and FSR and pythia8 sets its default value to the maximum p ⊥ involved in the showering but allows its modification by multiplicative factors SpaceShower:PTmaxFudge for ISR and TimeShower:PTmaxFudge for FSR. Both parameters in the Monash tune have 1 as their default values.
For each point in the parameter space, 10 6 events have been generated to ensure that the statistical uncertainty is smaller than the experimental uncertainty. The resulting distributions have been compared with data and χ 2 /NDF has been calculated to check the goodness of fit. The optimization has been done using professor v2.3.0 [26] along with RIVET v2.6 [27] with the complete set of ESVs distributions from pythia8 as available from [5] . Post optimization, the new parameter set is checked using other relevant results from the CMS [6] and ATLAS [7] .
Optimization of the Strong Coupling for ISR and FSR
Although it is desirable to have the same value of α s for ISR and FSR, it is instructive to probe if pythia8 prefers to have different values for them. Also, the CMS measurement [5] shows that ISR has a rather large effect on the ESVs compared to FSR. 
Optimization of the Factorization Scale
The sensitivity of the ESVs to the QCD factorization scale for ISR, represented in pythia8 by SpaceShower:PTmaxFudge (PTmaxFudge ISR ) has been checked. Figure 4 shows the variation of χ 2 /NDF for the four ESVs with this parameter. It is observed that τ ⊥ and ρ T Tot have similar dependence on PTmaxFudge ISR , preferring a value of ∼ 1. On the other hand, ρ Tot and B T prefer a value ∼ 0.6. Similar study for TimeShower:PTmaxFudge, related to FSR, shows no significant variation for the ESVs. [27] and HEP Data [28] . Overall, 120 different combinations of the three parameters are randomly sampled by professor in the ranges mentioned in table 1. professor was instructed to perform a third order polynomial fit to optimize parameter response for the observables, the four ESVs in this case. This goodness-of-fit minimization process gives in return best favourable values of the three parameters as listed in table 1. The uncertainty for the optimized parameters are obtained from Minuit [29] package interfaced with professor.
The values obtained for α ISR s , α FSR s , and PTmaxFudge ISR are 0.11409, 0.15052 and 0.9323 respectively, see table 1. It is noted that the model of QCD implemented in pythia prefers a lower value of α s for ISR compared to the default value used in the Monash tune but prefers a higher value of the same for FSR. It is also observed that the optimized values obtained here for α ISR s and α FSR s are very close to their values obtained while PTmaxFudge ISR is fixed to 1.
Validation of the Optimized Set of Parameters of pythia8
The optimized values of the three parameters (see, table 1) are used to calculate the ESVs. It is seen that the agreement with data deteriorates slightly for τ ⊥ ( figure 5 ) and ρ T Tot (figure 8) compared to the good agreement with the Monash tune. But, there is significant improvement in agreement with data for ρ Tot ( figure 6) and B T (figure 7) compared to the Monash tune. Since ρ Tot and B T had a rather poor agreement between data and the Monash tune, overall this new set of parameters is better.
It is imperative that the optimized set of parameters is tested against some other QCD results at the LHC. Inclusive jet cross-section is a very important QCD measurement at the LHC and is sensitive to PDF of protons and α s and both CMS [6] and ATLAS [7] have studied this with the 13 TeV data. The CMS has measurements of inclusive cross-sections for anti-k T jets with R = 0.4, 0.7. Figures 9 and 10 show that the new parameter set improves the agreement with data compared to the Monash tune. Similar improvement is seen for the ATLAS measurement of anti-k T jets with R = 0.4 ( figure 11 ). MC/Data Table 3 : Optimized pythia shows better agreement in terms of χ 2 /NDF values with the CMS measurement of inclusive jet cross section for anti-k T jets with R=0.4, 0.7 and also for ALTAS measurement of inclusive jet cross section with R=0.4
Summary
The strong coupling and factorization scale used in the parton shower model of pythia8 have been optimized using the CMS measurement of four event shape variables over a wide range of energy scale of the events. pythia8 with the optimized parameters shows better agreement with inclusive jet cross-section measurements by CMS and ATLAS experiments. This study suggests that the models of initial and final state radiations in pythia8 can be improved to better represent various Quantum Chromodynamics related studies in the context of the Large Hadron Collider.
